Introduction
Man-made fibers composed of natural polymers have attracted increasing attention in materials engineering and novel technologies. They are used in a wide range of solutions in many industries, both as strengthening elements for classical polyolefin materials and as systems with special functional properties [1] . Among the technologically interesting polymers with wide application potential, alginates are noteworthy. Alginates are linear polysaccharides made of ß-d-mannuronic (M) and α-l-guluronic (G) acids and can have widely varying compositions and unit sequence configurations [2, 3] . An important aspect affecting the polymeric properties is the interaction between neighboring carboxylic groups in a-lguluronic acid in the presence of a bivalent metal ion, such as calcium, copper, or magnesium. The zigzag structure of a-lguluronic acid makes it possible to join two neighboring parallel repeat units with a chemical bond generated by a bivalent metal ion, resulting in a so-called "egg-box" structure [4] . The possibility to create various structural forms of alginate and thus to obtain materials with different physicochemical properties is also very interesting from a scientific standpoint [5] .
In the current study, a wet-spun method of obtaining fibers was elected due to the type of the selected polymer, which requires dissolving in a solvent to be spun. In this process, fibers are extruded directly into a liquid bath, called coagulation bath, which is a non-solvent to the polymer solution and then have to be in order to orient the polymers to give the fiber its strength.
Using the special composition of coagulation bath in the wetspinning technique, one can obtain a range of different alginate fibers incorporating copper, sodium, or calcium or fibers made of alginic acid. Currently, alginate fibers are widely applied in medicine, primarily as dressing materials [6] [7] [8] [9] [10] [11] [12] . Due to their swelling and gelling properties, such dressings do not adhere to the wound and can easily be removed. Moreover, alginatebased medical products can also be used for controlled drug release [13, 14] as well and in many other areas of regenerative medicine [15] [16] [17] [18] [19] [20] [21] [22] . Unfortunately, their low strength and high hydrophilicity are major challenges for the use of alginatebased materials in technical applications. However, one characteristic feature makes them interesting in other areas of investigation. Given that their structure is similar to cellulose, alginate fibers can act as precursors for carbon fibers (PCFs). Currently, carbon fiber technology is based on two types of precursors (polyacrylonitrile fibers and mesophase pitches), both of which are quite harmful to the natural environment. Therefore, it seems preferable to use a natural precursor, which is abundantly available and cheap to obtain carbon fibers with specific functional properties.
In analyzing the carbonization process, one should remember that strength properties largely depend on the supramolecular and molecular structure, porosity, and strength of the precursor fibers. Given that the tensile strength of alginate fibers is much lower than that of polyacrylonitrile fibers, the resulting carbon fibers are suitable only for specific technical application such as absorptive materials or applications that do not require high strength. Nanotechnology can be important in the manufacture of carbon fibers from alginate precursors. Thus, it is expected that the functionalization of the precursor fibers with nanomaterials could result in changes in the physical and chemical characteristics of the final carbon fibers. The functionalization can be achieved among others through the incorporation of carbon nanoadditives, such as carbon nanotubes, graphene, or fullerenes, which can lead to several integrated carbon conformations, giving rise to oriented crystalline structures obtained with high process efficiency. It is known from the literature that polymers modified with carbon structures can exhibit a number of interesting properties. The use of nanotubes, graphene, and fullerenes enables the production of materials with conductive, biochemical, adsorptive, and other qualities [23] [24] [25] [26] [27] .
The main objectives of the current study were to determine the effect of the amount of carbon nanoadditives on the molecular and supramolecular structure of prospective alginate PCFs and assess its role in forming the properties of nanocomposite alginate fibers obtained by large-scale wet-spinning processes that might be applied as PCFs. The current study is focused on the formation of alginate fibers containing graphene oxide (GO) and multiwalled carbon nanotubes modified with hydroxyl groups (MWCNT-OH). The selection of the specific nanoadditives was based on the structural differences that might affect the final characteristics of the fibers ("flakes" of GO versus functionalized carbon nanotubes of more complex three-dimensional [3D] structure). This in turn allows analyzing the influence of the size and shape of the carbon nanofiller on the structure and properties of the PCFs. The results of this investigation were obtained by analytical techniques such as wide-angle X-ray diffraction (WAXD) and Fourier transform infrared (FTIR) spectroscopy, with the aim to track the changes in the molecular and supramolecular structures of alginic acid and calcium alginate fibers during large-scale spinning processes along with the influence of selected carbon nanomaterials on these structures.
The results of this article are a part of the project titled "Alginate fibers modified with carbon nanostructures as a precursor for obtaining fibrous carbon materials" which was financed by the National Science Centre in Poland. Understanding the link between the incorporation of carbon nanostructures and a possible influence on the formation of ordered carbon structures in PCFs brings an important opportunity to advance the understanding of functionalization of alginic fibers which are a prospective base material for obtaining cost-efficient carbon fibers. It is the first part of the study that addresses several important areas which serves as a prelude for undertaking a longitudinal analysis of alginate-based resources in applications for carbon fiber industries.
Experimental

Materials
Protanal LF 10/60 LS sodium alginate (FMC Biopolymer, Norway) was used in the study as a basic polymeric material.
The following carbon nanoadditives were used: 2.1.1. MWCNTs with a diameter of 10-20 nm and a length of 0.5-2 mm, 95% purity, and surface area of 200 m 2 /g (Nanostructured & Amorphous Materials Inc., USA).
2.1.2.
GO as a single-layer GO dispersion of 5 g/1,000 mL in aqueous suspension; composition: carbon 79%; oxygen 20%; flake size 0.3-0.7 mm; thickness of one atomic layerminimum 80% (Graphene Supermarket, USA).
Methods
Rheological properties of spinning solutions
The rheological properties of alginate spinning solutions in distilled water were determined using a RheolabQC (Anton Paar GmbH, Austria) rotary rheometer at 20°C with an H-type cylinder. This type of the cylinder is specifically required for measuring rheological properties of non-Newtonian fluids that are dependent on the relevant shear stress and timescales as well as viscosity of the sample. The rheological parameters "n" and "k" were estimated on the basis of the flow curves according to the Ostwald de Waele equation:
where τ is the shear stress and g is the shear rate.
Molecular structure measurements
The molecular structures of the alginate fibers were analyzed using an FTIR spectrometer, Nicolet 6700 (Thermo Scientific, USA), in attenuated total reflectance (ATR) mode with a diamond crystal (incidence angle 45°). The measurement conditions were as follows: resolution was 2 cm -1 , range of infrared (IR) radiation was 4,000-600 cm -1 , and 32 scanning procedures of each sample by IR radiation were carried out to obtain absorption spectra. The absorption spectra of the fiber preparations under investigation were plotted in the system: A=f(1/l) as a basis for the interpretation of the molecular fiber structure.
Supramolecular structure measurements
Supramolecular structures of the alginate fibers were studied by a wide-angle X-ray diffractometer (WAXD), X'Pert PRO (PANalytical, the Netherlands), using a Cu Ka source (l=0.154 nm) and the following tube parameters: 40 kV accelerating voltage and 30 mA anode current. An X'Celerator semiconductor detector was used for the detection of the X-ray spectrum. Diffraction profiles of powdered fiber samples were taken over the 2ϴ range of 5-60°. The obtained X-ray diffractograms were numerically analyzed using WAXSFIT software [28, 29] .
Mechanical measurements
The mechanical properties of the obtained fibers, such as the tenacity and elongation at break, were determined using an Instron 5944 mechanical testing machine (Instron, USA). Measurement was carried out based on the PN EN ISO 2062:2010 standard. The distance between the clamps was 100 mm, and the displacement rate was 100 mm/min. The linear mass of the multifilament was measured using a WTB 200 balance (Radwag, Poland) and the PN ISO 1973:1997 standard.
Nanoadditive dispersion
The analysis of the distribution of nanoadditives in the alginate fiber material was based on images obtained using the TECNAI SuperTWIN FEG (200 kV) transmission microscope (FEI, USA). The samples in the form of thin films for observation in the transmission microscope were prepared using LEICA microtome (cut sections with 50-nm increments). Observations were made using diffraction contrast in the bright-field mode, the so-called bright field and phase contrast, and the so-called high-resolution electron microscopy (HREM).
Determination of the share of calcium ions in fibers
The calcium content in the tested samples of alginate fibers after treatment with hydrochloric acid was determined by the atomic emission spectroscopy method using the flame technique. The Thermo Scientific iCE 3500 AAS spectroscope was used for the study. The delivered sample was subjected to microwave mineralization based on PN-EN-16711-1. The mineralization process was carried out in the system of nitric acid-hydrogen peroxide using Milestone Start D microwave mineralizer.
Processes
Fiber-spinning process
Calcium alginate fibers were obtained by wet-spinning method from an aqueous solution of sodium alginate. 7.4% aqueous solutions of sodium alginate were used for spinning (this concentration was selected based on the previous research) [30] . The solutions were made by dissolving the polymer in water and stirring mechanically for approximately 4-5 h. Fibers were formed using a 500-hole spinneret with a 0.08-mm hole diameter. Fibers were coagulated in a 3% m/m aqueous solution of calcium chloride at 15°C. The drawing process was conducted in the same type of solution but at 60°C. Subsequently, the fibers were washed in distilled water and freeze-dried. The optimum fiber-forming conditions were determined based on preliminary studies [31] [32] [33] . They were selected to obtain fibers with the best strength properties and to prevent the breaking of elementary fibers in the bundle, thus ensuring process stability.
The alginic acid fibers were formed by chemical treatment of the calcium alginate fibers with a 2% aqueous solution of hydrochloric acid for 24 h. Subsequently, the fibers were washed in distilled water and freeze-dried. In this case, a modifying bath module of 1:200 in relation to the weight of the fiber was used. The fiber was then rinsed repeatedly in distilled water until the chloride ions from the acid were removed. As a result of this modification, the share of calcium in alginate determined by emission atomic spectrometry dropped from 5% to 0.05%.
Dispersion of the nanoadditives in the polymer matrix
For fibers containing MWCNTs, polymer dissolution was preceded by the suspension of nanoadditives in water, which was achieved using a Bandelin Sonopuls HD 2200 ultrasonic probe (Germany) for 30 min. The polymer was added to the suspension, and the system was mixed using a mechanical stirrer for approximately 4-5 h. For fibers with GO, the polymer was dissolved in a diluted suspension of GO and mixed with a mechanical stirrer for approximately 4-5 h.
Results and discussion
Rheological properties of spinning solutions
Achieving the appropriate apparent dynamic viscosity of the spinning solution, by adjustment of different solution characteristics (polymer content, solvent systems, etc.), is very important in the process of fiber formation by wet spinning from solution. This is due to the fact that this property should ensure the process stability. In our previous works [31] [32] [33] , we determined the concentrations of the spinning solution that resulted in apparent dynamic viscosities in the range of 30-60 Pa×s which was confirmed to provide the stable spinning process. At the same time, it was found that the addition of non-fiber-forming nanoadditives changed the rheological parameter k in the Ostwald de Waele equation, affecting the consistency of the solution. Table 1 summarizes the effects of the introduction of carbon nanoadditives on the rheological characteristics. The addition of 2% by the weight of the polymer of different nanofillers to the spinning solution led to a decrease in the rheological parameters n and k. The lowest n was found in the solution containing GOs, probably due to strong interactions between the surface of the nanoadditives and the macromolecules of the polymers, making the solutions more strongly polymeric. Figure 1a shows the changes in the apparent dynamic viscosity as a function of shear rate, while Figure 1b shows the dependence of shear stress as a function of shear rate.
The analysis of flow curves (Figure 1b) indicates that all solutions are shear-thinning non-Newtonian liquids (n<1) without a flow limit. The shear stress increases nonlinearly with the shear rate, and the flow curves pass through the origin of the coordinate system. Changes in the parameter n are also correlated with the rheological parameter k, which is the highest for the solution without nanoadditives.
FTIR results of the molecular structure study
Differences in the molecular structures of both types of alginate fibers (calcium and sodium alginates) with and without additives are shown in the spectrograms ( Figure 2 ). In Figure  2a , the FTIR spectrum of the calcium alginate fibers shows the following characteristic bands: a peak at 3,252 cm -1 attributable to stretching vibrations of the O-H group, two signals corresponding to stretching vibrations of the C-H and C-H 2 groups at 2,923 cm -1 and 2,854 cm -1 , and bands attributable to asymmetrical (at 1,589 cm -1 ) and symmetrical (at 1,412 cm -1 ) stretching vibrations of the COO -group. Furthermore, the spectrum of the calcium alginate fibers exhibits bands attributable to stretching vibrations of the C-O group (1,300 cm -1 ); superimposed signals of the stretching vibrations of the C-O, C-C, and C-C-C groups (1,250-1,000 cm -1 ); and bending vibrations assigned to the O-H bond (1,300 cm -1 ). In turn, the region of 850-600 cm -1 also displays peaks attributable to twisting vibrations of the C-O group. Following the hydrochloric acid modification, the spectrum of the fibers shifted toward longer wavelengths (Figure 2b ). For instance, the maximum stretching vibrations of the O-H group moved to 3,410 cm -1 . Moreover, the peaks corresponding to symmetrical and asymmetrical stretching vibrations of the COO -group became markedly weaker, and intense peaks corresponding to stretching vibrations of the C-H bond appeared. Notably, more intense peaks are observed below 1,000 cm -1 .
Modification of the calcium alginate fibers by nanocarbon materials resulted in an insignificant decrease in the intensity of the band attributable to stretching vibrations of the O-H bond located at 3,252 cm -1 along with a significant increase in the intensity of the two signals corresponding to stretching 
cm -1 . Furthermore, after GO addition, changes in the intensity of the superimposed signals of stretching vibrations of the C-O, C-C, and C-C-C groups (1,250-1,000 cm -1 ) were more visible than in the case of MWCNT addition. The observed changes in the FTIR spectra verified the presence of chemically functionalized carbon materials inside the polymer matrix without higher-order molecular changes in the calcium alginate structure. The analysis of the influence of carbon nanomaterial addition on the molecular structure of alginic acid led to similar conclusions. An insignificant decrease in the intensity of the band attributable to stretching vibrations of the O-H bond located at 3,252 cm -1 and a significant increase in the intensity of the two signals corresponding to stretching vibrations of the C-H and C-H 2 groups at 2,923 cm -1 and 2,854 cm -1 were observed. Furthermore, after GO addition, changes in the intensity of the superimposed signals of stretching vibrations of the C-O, C-C, and C-C-C groups (1,250-1,000 cm -1 ) were more visible than in the case of MWCNT addition.
WAXD results of the supramolecular structure study
The influence of carbon nanoadditives on the supramolecular structure of alginate was analyzed by the wide-angle X-ray scattering method. The diffraction profiles of the alginic acid fibers (Figure 3a ) and calcium alginate fibers (Figure 3b ) are shown in Figure 3 .
According to the recent works of Arnott et al. [33] and Fabia et al. [34] , the supramolecular structure of alginate depends on its chemical composition and on the positions and lengths of the polymannuronic (M) and polyglucuronic acid (G) blocks. As shown in Figure 3a , the diffraction profiles of the alginic acid fibers are the compilation of the signals for polymannuronic acid, which are indexed as a two-chain orthorhombic unit cell with dimensions of a=0.76 nm, b=0.86 nm, and c=1.04 nm (chain direction) and the signals for polyglucuronic acid, which are indexed as a two-chain orthorhombic unit cell with dimensions of a=0.86 nm, b=1.07 nm, and c=0.87 nm (chain axis) in space group P2 1 2 1 2 1 . 34 As shown in Figure 3a , diffraction profiles contain clear crystalline peaks in the range of 2ϴ 5-30° corresponding to the (110), (020), (200), (111), and (220) crystalline planes of guluronan and (020) and (200) crystalline planes of mannumoronan. The addition of surface-modified MWCNTs and GOs to the fibers resulted in the appearance of an additional peak in the diffraction profile located at 2ϴ values of 25.8° and 10.0°, respectively. These peaks corresponded to the (001) planes of graphite walls of carbon nanotubes and graphite layers of GOs.
The diffraction profiles of the calcium alginate fibers ( Figure  3b ) have different shapes than those of the alginic acid fibers (Figure 3a) . The presence of Ca 2+ ions in the alginate matrix leads to the creation of an egg-box structure of the polymannuronic and polyglucuronic acid blocks. The diffraction profiles contain two amorphous halos with maxima located at 2ϴ values of 22.0° and 42.5° and a peak corresponding to the diffraction of the crystalline structure with a maximum located at approximately 13°. According to the previous works, the visible diffraction maximum is a superposition of the diffraction peaks of the specific crystalline structure, i.e., the egg-box structure, of polymannuronic acid and polyglucuronic acid [32] . As in the case of alginic acid fibers, the WAXD profile of the calcium alginate fibers contains characteristic peaks in the range of 10-20° corresponding to the (010), (001), (110), (011), (101), and (100) crystalline planes of guluronan and the (100), (101), and (111) crystalline planes of mannumoronan. The intensity, position, and full width at half-maximum of the crystalline peaks suggest that the egg-box structure is a highly dispersed structure with ordered regions.
More detailed analysis of the differences in the supramolecular structures of the various alginic acid and calcium alginate fiber samples was conducted using WAXSFIT software. Numerical analysis provided a quantitative estimation of the influence of carbon nanoadditives on the supramolecular structure. According to the Hindeleh and Johnson method, the obtained diffraction profiles were deconvoluted into amorphous halos and crystalline peaks approximated by numerically calculated Gauss and Lorentz functions. The crystalline phase content in the studied materials was calculated according to the following equation:
where A A and A C are the integral intensities of the amorphous halo and the peaks originating from the crystalline phase, respectively.
The size of the crystalline area was determined by measuring the width of the diffraction peak and using Scherrer's formula:
where L (hkl) is the average size of the crystalline area perpendicular to the lattice plane (hkl), q is the Bragg angle for the plane (hkl), l is the X-ray radiation wavelength (for Cu Ka, l=0.15418 nm), B is the half-width of the diffraction peak for the plane (hkl), and K is Scherrer's constant, which for polymers is equal to 0.9. The last characteristic feature of the structure formed with different carbon nanoadditives was detected by the analysis of the lattice length (d-spacing) calculated according to Bragg's equation:
where l is the wavelength of the X-ray source (0.15418 nm) and q is the angle of reflection (half of 2ϴ of the peak position).
The size of the crystalline area and the lattice length were calculated for the most intense diffraction peaks corresponding to the (110) crystalline plane of guluronan and the (200) crystalline plane of mannumoronan in alginic acid and the (110)/ (011) crystalline plane of guluronan and the (100) crystalline plane of mannumoronan in calcium alginate. The values of the calculated factors are summarized in Table 2 .
Based on the results summarized in Table 1 , the magnitude of the effect of carbon nanomaterial addition on the supramolecular structure of the studied alginate fibers was determined.
For the alginic acid fibers, the addition of MWCNTs and GO resulted in an insignificant increase in the degree of crystallinity but significant changes in the values of the factors that defined the crystallites. The distance between the lattice planes, calculated by the d-spacing, increased for both the guluronan and mannumoronan structures. The analysis of the influence of the addition of carbon additives on the average size of the crystalline area in the alginic acid structure clearly shows an increase in L (hkl) corresponding to the (110) crystalline plane of guluronan and a decrease in L (hkl) corresponding to the (200) crystalline plane of mannumoronan. The analysis of the obtained results suggests the strong impact of additives on the crystalline structure of alginic acid without significantly affecting the overall crystallinity of the material. The presence of crystalline additives allows creating a structure with lower orientation, as confirmed by the increased d-spacing, which in turn allows for the reformation of the shape of the crystalline area, which can be observed by the changes in the L (hkl) factor. This observation is interesting and important and enables interpreting the change in the macroscopic physical properties of the fibers, e.g., the mechanical properties that are discussed in the next sections.
The addition of carbon nanomaterials also influences the supramolecular structure of calcium alginate. An increase in the degree of crystallinity is clearly visible and is most significant with the addition of chemically functionalized MWCNTs. Similar to alginic acid, the addition of both carbon nanomaterials increases the distance between lattice planes (d (hkl) ) in a similar range. The influence of the different carbon materials on the supramolecular structure can be seen in the average size of the crystalline area. The presence of chemically functionalized MWCNTs causes the creation of smaller crystalline areas compared with the addition of GOs -the addition of GO causes a decrease in L (hkl) corresponding to the (110)/(011) crystalline plane of guluronan and an increase in L (hkl) corresponding to the (100) crystalline plane of mannumoronan.
The obtained results suggest that the type and shape of the carbon nanoadditives influence the supramolecular structure of calcium alginate, which is the main difference from alginate acid, where the shape of additives is insignificant. Certainly, the crystalline structure of calcium alginate, i.e., low crystallinity and egg-box structure of the polymannuronic and polyglucuronic acid blocks, is important. Based on these studies, it is difficult to describe exactly how the structure of calcium alginate is ordered, but it is clear that the ordering and crystallization depend on the shape of the additive material, e.g., whether the additive has a lamellar or tubular shape.
Nanoadditive dispersion analysis
Transmission electron microscopy (TEM) and HREM analyses are used to visually evaluate the degree of aggregation of nanofillers in the polymer matrix of the prepared fibers, because the mechanical characteristics of the nanodoped alginic fibers are strongly depended on the degree of dispersion of nanoadditives in the polymer matrix. Nanofiller dispersion is a well-known challenge since carbon nanoadditives express a tendency to agglomerate; however, a good dispersion is an important factor for mechanical reinforcement. The main reason behind agglomeration is the van der Waals attraction and the large surface areas and high surface energy of the nanofillers [35] . For the analysis purposes, the alginic acid fibers were selected, which were obtained directly by the treatment of calcium alginate fibers with 2% aqueous solution of hydrochloric acid for 24 h. The presence of calcium ions in the fiber structure during the oxidation process and subsequent carbonation might result in disturbances in both processes and structural defects. The removal process was assumed not to affect the amount and distribution of nanofillers in the polymer matrix.
The analysis showed that the MWCNTs are averagely homogeneously dispersed on the nanoscale and mostly clusters or agglomerated particles were detected. The analysis also confirmed that MWCNTs are not uniformly orientated parallel to the edge of the fiber. Figure 4(a2) shows the crosssection of MWCNTs that confirm the layered nature of the nanofiller. Figure 4(b1) shows the cross-section of randomly dispersed GO flakes, aggregated in the layered form. Figure  4 (b2) shows the aggregated set of GO flakes. The specific hexagonal structure of the GO flakes was confirmed.
Finally, the analysis showed that both nanofillers were randomly to averagely homogeneously dispersed in the polymer matrix. It indicated that the employed mechanical stirring and the ultrasonic treatment approach were proven to be sufficiently effective approaches to obtain nanodoped composite fibers.
Results of the study of physical properties
The results of the FTIR and WAXD measurements showed the clear influence of the carbon nanomaterials on the molecular and supramolecular structures. The main changes resulting from the addition of carbon materials, i.e., the ordering and crystallization of the alginate material, could strongly impact the physical properties of the fibers, including the mechanical properties; therefore, mechanical factors such as modulus of elasticity, tenacity at break, and elongation at break of the studied materials were analyzed.
Average profiles of the mechanical test measuring the tenacity as a function of elongation are shown in Figure 5 . The profiles were calculated by the analysis of 2ϴ measurements, and the mean values and standard deviations of the mechanical factors of the studied fibers are summarized in Table 3 . For alginic acid, a decrease in the positive mechanical parameters was clearly seen. The unmodified fibers were characterized by the modulus of elasticity of 7.6 cN/tex, tenacity at break of 16.2 cN/tex, and elongation at break of 6%. The addition of carbon nanomaterials did not significantly affect the value of the modulus of elasticity, but it greatly reduced the strength and elasticity of the fibers. The observed negative phenomenon was largely the result of changes in the supramolecular structure. The insignificant increase in the degree of crystallinity along with the significant change in the d-spacing and average size of the crystalline area indicated the unfavorable structural reordering of alginic acid from a mechanical properties' point of view. The main changes in the supramolecular structure of alginic acid resulting from the addition of carbon nanomaterials were the increase in L (hkl) corresponding to the (110) crystalline plane of guluronan and the decrease in L (hkl) corresponding to the (200) crystalline plane of mannumoronan. In our opinion, this structural change may indicate a change in the macromolecular order along the fiber axis and explain the visible decline in the mechanical characteristics. Notably, both carbon nanomaterials caused similar effects in the case of alginic acid fibers.
Slightly different changes were observed in the modification of calcium alginate fibers by the addition of carbon nanomaterials. The addition of MWCNTs deteriorated and GO improved the mechanical properties of the studied materials. Along this line, we can interpret the observed phenomena based on the WAXD results. The addition of MWCNTs caused the creation of a highly crystalline structure with fine crystallites (low values of L (hkl) ), resulting in brittle fibers. Quite different results were obtained for calcium alginate modified by the addition of GOs. The implementation of GO inside the polymer structure caused an increase in the crystallinity and average size of the crystalline area, which is a positive phenomenon causing an increase in the material strength. In addition, calcium alginate containing GO became more stretchable, which may have resulted from the increased d-spacing.
It was found that the mechanical properties of alginate fibers strongly depend on the supramolecular structure, which can be modified by the addition of carbon nanomaterials. Importantly, the changes depend on the type of alginate fibers and the type and shape of the nanoadditives. For alginic acid fibers, both nanoadditives caused supramolecular changes and deteriorated the mechanical properties. The presence of GOs in the calcium alginate structure led to positive changes in the mechanical properties.
As noted from the acquired WAXD diffractograms, calcium alginate fibers mostly consist of an amorphous phase, as confirmed by the two dominant components of the amorphous halos at 2ϴ values of 22° and 42°. In turn, the spectra recorded for the alginic acid fibers correspond to a highly ordered rhombic structure of "pure" alginic acid crystallites. The structural modification and increased ordering are attributable to the removed calcium ions in the fibers, as shown by the FTIR results. Generally, the presence of calcium has an adverse effect on the degree of crystallinity of alginate fibers. The resulting "egg-box" structure between guluronate units decreases the conformational freedom of the other macromolecules, including the mannuronate units, and hinders their ordering. 32 The crystallites formed in the presence of calcium are characterized by a pseudohexagonal arrangement, which is less perfect than the typical rhombic arrangement of alginic acid.
CONCLUSIONS
The performed experiments and analyses show the scale of the influence of popular carbon nanoadditives on the molecular and supramolecular structures of alginate fibers obtained by the wet-spinning process. This investigation give insights into the analysis of the influence of the shape and chemical composition of nanofillers on the physical properties of the final materials.
The addition of chemically functionalized carbon nanomaterials in the polymer matrix causes an insignificant change in the molecular structure of the material. According to the FTIR spectra, the observed changes likely result from the functional groups of the carbon materials in the polymer matrix, followed by molecular changes of calcium alginate or alginic acid.
The addition of carbon nanomaterials to alginate materials induces ordering of the supramolecular structure of the materials. With the addition of nanofiller, the calcium alginate materials show greater crystallization than the alginic acid materials, which is probably due to the higher orientation of the structure of the unmodified materials. The performed investigation also indicates the influence of the shape and type of applied nanomaterial on the crystallization and structural ordering of the alginates. The addition of MWCNTs results in materials with higher crystallinity and smaller-sized crystalline areas.
The addition of chemically functionalized carbon nanomaterials in the alginate fibers should affect the strength of the materials which corresponds to changes in the supramolecular structure. In contrast, there was no significant effect of molecular changes in alginates on the mechanical properties of the fibers.
The previous research has shown the possibility of incorporating the nanofillers into the material of alginate PCFs. It is worth noting that the introduction of GO into the polymer matrix, despite the occurrence of the agglomeration of these nanoadditives, results in a slight increase in the specific strength of fibers and increase in elongation at break in the case of calcium alginate fibers. For those fibers containing GO, the specific strength is 20 cN/tex which is the highest from all the prepared samples.
The modification of the fibers with hydrochloric acid was aimed at limiting the amount of Ca 2+ ions that may adversely affect the prospective carbonization process. Surprisingly, it resulted in a decrease in the specific strength for fibers containing nanoadditives, by almost 50%. At the same time, the fibers after modification with hydrochloric acid show much lower elongation at break.
When analyzing the supermolecular structure of the obtained fibers, it should be emphasized that the calcium alginate fibers are characterized by a pseudohexagonal structure, whereas after acid modification, the fibers exhibit a highly crystalline rhombic structure typical of pure alginic acid fibers which influences the mechanical properties adversely. The general finding is that the nanofillers introduced into the polymer matrix induced the nucleation of crystals, causing a slight increase in the degree of crystallinity of both the pseudohexagonal structure of calcium alginate and the highly crystalline rhombic structure of alginic acid.
The current study brings interesting insights into the structureproperty relationship of prospective carbon precursor fibers based on abundantly available biomass-based polymers. These finding provides a basis for further research in the field functionalization of alginate-based PCFs and could provide a significant input for the carbon industry in general.
